Introduction {#s1}
============

The evidence implicating alpha-synuclein (α-syn) in the pathogenesis of Parkinson\'s Disease (PD) is overwhelming. However, there is not a clear consensus on the manner in which α-syn leads to pathology in PD and other synucleinopathies. Alpha-synuclein is a major component of Lewy bodies (LBs), and descriptions of α-syn overexpression leading to aggregation are abundant [@pone.0071634-Fink1]--[@pone.0071634-Paleologou1]. Human genetic data have demonstrated that missense mutations and multiplications in the α-syn gene cause familial PD [@pone.0071634-Schiesling1], [@pone.0071634-Lucking1]. In the case of gene multiplication, increased levels of α-syn protein are presumed to result in a dominant gain-of-function that leads to pathology. While increased levels of α-syn may lead to aggregation and toxicity, research over the past few years has also revealed that elevated α-syn can interfere with the creation, localization, and/or maintenance of vesicle pools [@pone.0071634-Nemani1]--[@pone.0071634-Thayanidhi1].

Although α-syn dysfunction is largely studied in neurons, α-syn pathology in PD patients has been described in non-CNS cell types and organ systems [@pone.0071634-Ikemura1], [@pone.0071634-Reichmann1] and the current perspective on PD is evolving from a purely dopaminergic neuron brain disease to a more systemic disease [@pone.0071634-Jellinger1], [@pone.0071634-Wakabayashi1]. Altered microglia responses are a hallmark of PD pathology and recent evidence suggests that reactive microglia represent more than a response to neuronal injury, and may actively participate in the demise of dopaminergic neurons [@pone.0071634-Halliday1]. Given a clear role for α-syn in PD pathology, a number of studies have examined the response of microglia to extracellular α-syn, but few studies have explored the function and potential pathogenic role of α-syn expressed by microglial cells themselves [@pone.0071634-Lee1], [@pone.0071634-Roodveldt1]. Interestingly, mice in which the α-syn gene was knocked out were reported to have changes in microglial function, specifically, altered phagocytosis and increased cytokine response [@pone.0071634-Austin1].

Engulfment and removal of pathogens and cellular debris is the quintessential function of phagocytes. Phagocytosis is a key process executed by both professional phagocytes (macrophages and microglia) as well as non-professional phagocytes (such as fibroblasts and endothelial cells). Phagocytosis is required for the efficient elimination and destruction of pathogens, timely removal of dead and dying cells, cellular sampling of environmental antigens for presentation to adaptive immune cells, and maintenance of tissue homeostasis [@pone.0071634-Erwig1], [@pone.0071634-Elliott1]. This process *in vivo* is so efficient, that the presence of dead, dying, and apoptosing cells is generally absent, and can only be observed under conditions of impaired cellular clearance by phagocytes.

Engulfment of medium and large sized particles involves internalization of large expanses of plasma membrane, coupled with addition of new plasma membrane to maintain the surface area and shape of the cell [@pone.0071634-Braun1]. Elegant experiments utilizing membrane labeling compounds or electrophysiological methods demonstrated that the maintenance of surface area during particle ingestion is linked to the concomitant mobilization and focal exocytosis of membrane to the cell surface [@pone.0071634-Palokangas1], [@pone.0071634-Hackam1]. While the intracellular source of the replacement membrane varies between different systems, they all share a common process in which the delivery of additional membrane through vesicular fusion is coordinated by various members of the SNARE family [@pone.0071634-Huynh1]. SNARE family members associate into stable complexes that direct membrane fusion events. The SNARE mediated process of vesicle exocytosis is not only critical for phagocytosis but is also required for the release of inflammatory cytokines from macrophages and microglia, [@pone.0071634-Murray1].

SNARE complexes prime vesicles for fusion with the plasma membrane and are composed of proteins from each of three separate families: a SNAP, a Syntaxin, and a VAMP. SNARE complexes are formed by cells in anticipation of membrane fusion events and upon stimulation, the complexes localize to the points of vesicle contact, facilitate membrane fusion, and then dissociate into their individual components that are recycled to form new complexes. Numerous studies in other labs have shown that α-syn may affect SNARE complex assembly either through direct interaction with members of the SNARE family, or by sequestering agents, such as arachadonic acid, which promote SNARE assembly and activity [@pone.0071634-Burr1], [@pone.0071634-Darios1].

We have recently developed a novel transgenic genomic mouse model in which wild type or the E46K mutant form of human α-syn was expressed from a human bacterial artificial chromosome (BAC). This model is similar to that created by Kou et al. [@pone.0071634-Kuo1] however, we focused on wild type and the E46K mutated form of α-syn rather than the A30P and A53T mutations described previously. The BAC construct contains the α-syn promoter and other potential regulatory regions including upstream, and 15 kb downstream sequences. Because α-syn expression is driven from its own promoter, not from a highly active exogenous promoter, this *in vivo* system may provide insight into human disease, because in humans duplication or triplication of the gene is sufficient to lead to early onset PD. In addition, the potential impact of elevated α-syn levels on multiple cellular and tissue systems can be assessed. In the work described here, we used these mice to examine the role of α-syn in innate immune cell function. We were particularly interested in macrophages and microglia because of their involvement in PD pathology and their intensive reliance on membrane dynamics for their central roles in cytokine release and phagocytic function [@pone.0071634-Huynh1], [@pone.0071634-Lacy1].

Our data demonstrates that increased expression of the α-syn protein has an inhibitory effect on the release of inflammatory cytokines, vesicular fusion, and phagocytic processes. Defective phagocytosis occurred in brain microglia and peripheral macrophages, either isolated and assayed in culture, or assayed *in situ*. Fibroblasts and monocytes isolated from sporadic PD patients and a patient carrying a triplication of the α-syn gene exhibited elevated α-syn levels, which correlated with defective phagocytic function. We also expand upon the molecular details regarding α-syn interaction with membrane trafficking components, and demonstrate active recruitment of α-syn to a site of stimulated membrane fusion during phagocytosis. Our data further defines the role that α-syn plays in membrane vesicle dynamics and extends these findings into systemic processes beyond neuronal function, which may provide a valuable peripheral biomarker of elevated α-syn levels and dysfunctional vesicle dynamics. Our data suggest that there may be a previously unappreciated involvement of innate immune cell function in synucleinopathies, and that cells of the innate immune system provide an excellent, tightly regulated cellular model in which to study the effects of increased α-syn levels on vesicle function.

Results {#s2}
=======

α-syn is expressed in microglia from BAC transgenic mice {#s2a}
--------------------------------------------------------

To examine the impact of α-syn overexpression on innate immune cell function, we utilized three transgenic mouse lines, each of which expresses α-syn from a bacterial artificial chromosome (BAC) genomic context; line 422 expressing wild type α-syn and two lines, line 26 and line 3, expressing the mutant E46K form. The BAC transgene results in an increase in α-syn expression (as measured by RT-PCR and ELISA) and a full characterization of these animals will be reported elsewhere (Hilton et al., in preparation). Because the expression of α-syn is driven by endogenous regulatory sequences, we first examined if human α-syn was detectable in mouse microglia isolated from genomic mice, and whether expression was increased compared to wild type microglia. Non-transgenic (non-TG) and α-syn genomic transgenic (α-syn TG) microglia expressed α-syn detectable by immunoblot and the specificity was validated with microglia isolated from α-syn null mice ([**Figure 1A**](#pone-0071634-g001){ref-type="fig"} **, top panel**). Microglia isolated from all three α-syn TG lines (3, 26, and 422) expressed elevated levels of human α-syn as confirmed by mRNA analysis (representative line26 samples shown here [Figure 1B](#pone-0071634-g001){ref-type="fig"}) and total α-syn protein as shown by immunoblot compared to non-TG littermates **(** [**Figure 1A**](#pone-0071634-g001){ref-type="fig"} **, bottom panel)**. Since α-syn expression can occur in astrocytes [@pone.0071634-Gu1] we verified microglial cell expression by flow cytometry, double labeling cells with anti-α-syn and a microglia marker, IBA-1 ([**Figure 1C**](#pone-0071634-g001){ref-type="fig"}). Specific microglia α-syn expression as determined by intracellular staining was increased in cells from α-syn TG animals ([**Figure 1D**](#pone-0071634-g001){ref-type="fig"}). These results also show that microglial cells are the predominant cell type (and hence the predominant source of α-syn) in our cultures.

![Alpha-synuclein levels are increased in BAC transgenic microglia.\
(**A**) **Top panel:** Microglia containing a BAC construct of human α-syn (line 26) have elevated levels of α-syn protein compared to littermate controls. Expression is specific as shown by absence of detectable α-syn in lysates from α-syn null cell, and loading is equivalent as evidenced by equal actin levels (gel is representative of 3 independent experiments). **Bottom panel:** Microglia isolated from three independently-derived α-syn BAC lines (line 422;26; and 3) have elevated α-syn expression compared to non-TG littermates and equivalent loading is demonstrated by equal actin (gel is representative of 3 independent expts). (**B**) Alpha-synuclein mRNA was assessed by rt-PCR in line 26 non-TG and α-syn TG microglia. Levels were normalized to GAPDH and the ratio for Line 26 α-syn TG and non-TG are shown here (n = 10 pups/GT/expt. +/− s.e.m \*P≤0.001 when α-syn TG samples were compared with non-TG. (**C**) FACS analysis of line 26 microglial cultures stained with IBA1 as a specific marker for microglia, and 5C12 for intracellular α-syn. Compared to isotype controls microglia express α-syn, and are the predominant cell type accounting for α-syn expression in the cultures. (**D**) Microglia isolated from line 26 and non-TG littermate were stained for α-syn and levels assessed by flow cytometry. An isotype-matched antibody on α-syn TG cells was used as a negative control (histogram is representative of 3 independent expts).](pone.0071634.g001){#pone-0071634-g001}

Increased α-syn in microglia and macrophages disrupts cytokine exocytosis {#s2b}
-------------------------------------------------------------------------

Microglia deficient in α-syn were reported to have altered cytokine release [@pone.0071634-Austin1] prompting us to investigate the consequence of elevated expression on cytokine secretion. To induce cytokine release, microglia from line 26 TG and non-TG littermate controls were exposed to LPS for 18hrs. Microglia from the α-syn TG mice secreted significantly less IL-6 and TNF-α compared to their non-TG controls ([**Figure** **2A**](#pone-0071634-g002){ref-type="fig"}), which is in contrast with increased cytokine secretion reported from α-syn null cells [@pone.0071634-Austin1]. These deficits were not due to aberrant insertion of the BAC transgene into a cytokine locus, or other interference, since the same effects on cytokine release were measured in microglia isolated from all three independent BAC transgenic lines (lines 3, 26 and 422) (**[Figure S1](#pone.0071634.s001){ref-type="supplementary-material"}**). The deficit was also not due solely to the E46K mutation of α-syn, since line 422 expresses the WT α-syn sequence. Alterations in cytokine secretion were also found *in vivo*, where α-syn TG mice had muted levels of circulating inflammatory cytokines following low dose lipopolysaccharides (LPS) administration ([**Figure 2B**](#pone-0071634-g002){ref-type="fig"}).

![Alteration in cytokine secretion in BAC transgenic mice.\
In all graphs, each dot represents measurements from cells isolated from an individual pup or animal (**A**) Microglia from line 26 and non TG littermates were stimulated with LPS and TNFα and IL6 measured by ELISA (n = 2; 7 pups/GT/expt +/− s.e.m \*P≤0.005 when α-syn TG samples were compared with non-TG). (**B**) Microglia isolated from three independent human α-syn BAC TG mouse lines, (line 422; 26; and 3) and their corresponding non-TG littermate controls. Cells were stimulated as above and measurements were made for TNFα by ELISA (n = 2; 3 pups/GT/expt +/− s.e.m \*P≤0.05 when α-syn TG samples were compared with non-TG). (**C**) Line 26 TG mice and their non-TG littermates received an injection of low dose LPS for 6 months and serum inflammatory cytokines (TNFα and IL6) were measured by luminex multiplex analysis (n = 1; 7--10 mice/GT/expt +/− s.e.m\* P≤0.05 when α-syn TG samples were compared with non-TG). (**D**) Microglia from line 26/syn ^null^ or α-syn ^null^ littermates mice were stimulated with LPS and cytokine expression for IL6 and TNFα assessed at the mRNA level by multiplex analysis (n = 2; 5 pups/GT/expt +/− s.e.m \*p≤0.001 when α-syn TG samples were compared with non-TG). (**E+F**) Microglia isolated from line 26/syn ^null^ or α-syn ^null^ littermates were stimulated with LPS in the presence or absence of Brefeldin A. Tissue culture supernatant (**E**) or cell lysate (**F**) was assessed for TNFα production by ELISA (n = 2; 5 pups/GT/expt +/− s.e.m \*p≤0.001 when α-syn TG samples were compared with non-TG).](pone.0071634.g002){#pone-0071634-g002}

Secretion of specific cytokines requires dynamic vesicle mobilization and fusion of cargo containing vesicles with the plasma membrane. Therefore, we investigated whether α-syn altered innate immune responsiveness by negatively regulating vesicle dynamics, or by affecting signaling pathways upstream of membrane events, such as LPS induced toll-like receptor (TLR) signaling. To distinguish between these two possibilities, cytokine mRNA production in non-TG and α-syn TG microglia was evaluated following LPS exposure. Microglia from human α-syn TG animals crossed onto a murineα-syn null background were utilized to limit potential confounding effects of endogenous murine α-syn *(line 26 x α-syn null)*. LPS stimulated equivalent cytokine mRNA production in non-TG and α-syn TG microglia ([**Figure 2C**](#pone-0071634-g002){ref-type="fig"}). Furthermore, we confirmed that the non-TG and α-syn TG cells made similar levels of cytokines at the protein level by blocking cytokine release with Brefeldin A (BFA) and measuring intracellular cytokine levels ([**Figure 2D**](#pone-0071634-g002){ref-type="fig"} **and** [**Figure 2E**](#pone-0071634-g002){ref-type="fig"}). These data confirm that equivalent levels of cytokines are produced in response to LPS, and presumably loaded into vesicles, but are released at reduced levels from cells with α-syn overexpression.

Increased α-syn impairs phagocytic processes {#s2c}
--------------------------------------------

Elegant experiments demonstrated that phagocytosis of large particles requires the mobilization and exocytosis of membrane at the cell surface at a magnitude similar to or greater than that required for cytokine release [@pone.0071634-Hackam1]. Therefore, microglia from human α-syn TG mice were isolated and assayed for phagocytic capacity as described in [Materials and Methods](#s4){ref-type="sec"}. Compared to non-TG littermates, microglia overexpressing human α-syn exhibited significantly impaired phagocytosis of both beads and apoptotic cells ([**Figure 3A**](#pone-0071634-g003){ref-type="fig"}).

![Increased levels of α-syn affect microglial phagocytosis.\
(**A**) Microglia from line 26 TG or non-TG littermates were incubated with 10 µ beads or apoptotic Jurkat T-cells for 90 minutes. A phagocytic index was calculated by microscopic visualization (n = 3; 3 pups/GT/expt +/− s.e.m \*p≤0.001 when α-syn TG samples were compared with non-TG). (**B**) Microglia from line 26/syn ^null^ or α-syn ^null^ littermates were incubated with 10µ beads and a phagocytic index calculated (n = 3; 3 pups/GT/expt +/− s.e.m \*p≤0.002 when α-syn TG samples were compared with non-TG). (**C**) Peritoneal macrophages isolated from line 26 TG or non-TG littermates were cultured with apoptotic Jurkat T-cells and a phagocytic index was calculated (n = 2; 5 pups/GT/expt +/− s.e.m \*p≤0.001 when α-syn TG samples were compared with non-TG). (**D**) Microglia isolated from line 26 TG or non-TG littermates were left unfed or fed beads followed by FM1-43 addition on ice for 10 minutes, fluorescence was assessed by flow cytometry under resting and stimulated (plus bead) conditions, (histogram is representative of 3 independent expts). (**E**) Geometric mean fluorescence of FM1-43 incorporation in resting and stimulated cell was calculated (n = 3; 3 pups/GT/expt +/− s.e.m \*p≤0.001 when FM1-43 incorporation between wild type and line 3 microglia stimulated with beads was compared).](pone.0071634.g003){#pone-0071634-g003}

Phagocytosis of apoptotic cells requires engagement of specific receptors, while ingestion of inert particles such as latex beads is believed to be independent of receptor expression and engagement. Because ingestion of both beads and cells was decreased in the human α-syn TG cells, it is unlikely to be caused by a specific receptor defect and more likely caused by a failure in membrane mobilization and function. The observed phagocytic deficit was also likely not due to insertion artifacts of the BAC construct since the three α-syn TG lines examined exhibited a similar reduction in phagocytosis ([**Figure 3B**](#pone-0071634-g003){ref-type="fig"}), and occurred with both wild type α-syn (line 422) and the E46K α-syn mutation (lines 3 and 26). Phenotypes associated with human α-syn overexpression may be exacerbated in the absence of murine α-syn. However, the absence of murine α-syn did not amplify the phagocytic defect associated with human α-syn overexpression ([**Figure 3C**](#pone-0071634-g003){ref-type="fig"}) nor did it affect the deficit in cytokine secretion ([Figure 2E](#pone-0071634-g002){ref-type="fig"}). The phagocytic defect was also not restricted to microglia or to cells isolated during early development as peritoneal macrophages isolated from adult human α-syn TG animals also exhibited decreased phagocytosis ([**Figure 3D**](#pone-0071634-g003){ref-type="fig"}). Collectively, these data suggest that α-syn impairs large particle phagocytosis in microglia and macrophages.

Membrane addition to the cell surface in the initial phase of phagocytosis can be tracked with FM1-43, a fluorescent dye that incorporates into exposed membranes and hence provides increased fluorescence during the processes of phagocytosis. With non-TG microglia, FM1-43 incorporation and fluorescence increased after bead addition, however, FM1-43 membrane incorporation and fluorescence did not increase in α-syn TG microglia after bead addition of beads ([**Figure 3E**](#pone-0071634-g003){ref-type="fig"}). Alterations in FM1-43 labeling were quantified as mean fluorescence intensity compared to unlabeled cells from 3 independent experiments ([**Figure 3F**](#pone-0071634-g003){ref-type="fig"}) and this data suggest that increased α-syn results in defects in vesicle recruitment to the plasma membrane.

Elevated α-syn results in defective cell clearance *in vivo* {#s2d}
------------------------------------------------------------

*In vivo*, apoptotic cells are rapidly removed; however, with deficient clearance, apoptotic cells persist and undergo secondary necrosis, releasing potentially toxic and antigenic intracellular content [@pone.0071634-Erwig1], [@pone.0071634-Elliott1]. Since the data above ([Figure 3](#pone-0071634-g003){ref-type="fig"}) suggested that elevated expression of human α-syn altered phagocytosis *in vitro*, we examined clearance of cellular debris *in vivo*, comparing non-TG and α-syn TG mice. Using a well validated experimental system for macrophage clearance activity [@pone.0071634-Norsworthy1]--[@pone.0071634-Mukundan1] animals were challenged with intraperitoneal injections of apoptotic Jurkat T-cells. Examination of peritoneal macrophages showed that *in vivo* clearance of apoptotic cells was significantly lower in mice overexpressing human α-syn ([**Figure 4A**](#pone-0071634-g004){ref-type="fig"}, micrographs and bar graph). Macrophages from non-TG mice contained highly compacted apoptotic cells engulfed within cytoplasmic phagosomes ([**Figure 4A**](#pone-0071634-g004){ref-type="fig"}, arrows), whereas non-engulfed apoptotic cells remained attached to the surface of macrophages in α-syn TG mice ([**Figure 4A**](#pone-0071634-g004){ref-type="fig"}, starred arrows). We also noted that non-TG macrophages appeared larger than α-syn TG cells, likely due to the increase in cell volume that accompanies phagocytosis [@pone.0071634-Hackam1]. The apparent difference in cell volume correlated with altered FM1-43 labeling in α-syn TG microglia as described above ([**Figure 3E**](#pone-0071634-g003){ref-type="fig"}).

![Altered phagocytosis in-vivo in α-syn BAC transgenic animals.\
(**A**) Representative images (left) and quantified phagocytic index (right) of peritoneal macrophages exposed in vivo to apoptotic Jurkat T-cells in line 26 and non-TG littermate mice (n = 2; 5 mice/GT/expt +/− s.e.m \*p≤0.001 when α-syn TG samples were compared with non-TG). Scale bars are equal to 1 micron. Arrows point towards ingested apoptotic cells and asterisked arrows towards bound/non-ingested cells. (**B**) Representative images (left) and quantified phagocytic index (right) of peritoneal macrophages exposed in vivo to fluorescent CD47−/− RBC\'s (red) in line 3 and non-TG littermates (n = 2; 5 mice/GT/expt+/− s.e.m \*p≤0.001 when α-syn TG samples were compared with non-TG). Scale bars are equal to 1 micron. Arrows point towards ingested fluorescent RBC, which appear yellow as they are digested within the green labeled cells (FITC-phalloidin). (**C**) Stereotactic injection of red fluorescent RBC\'s into the hippocampus of line 3 and non-TG littermate mice. Fluorescence was visualized (upper image) and quantified (bar graph). Particle removal is represented as reduced fluorescence. RBC uptake and degradation was followed as the appearance of hemosiderin (lower image), (n = 3; 3 mice/GT/expt +/− s.e.m \* p≤.0.001 compared to 1 hr non-TG \*\* compared to non-TG at 48hrs). Scale bars are equal to 10 microns. (**D**) Kidneys from line 26 and littermate non-TG female mice were stained for C3 and IgM. (**E**) Intensity of antibody was quantified by a certified pathologist in non-TG and α-syn TG kidneys (n = 5 animals/GT +/−s.e.m \*p\<0.01 when α-syn TG samples were compared with non-TG).](pone.0071634.g004){#pone-0071634-g004}

The magnitude of the phagocytic deficit was quantified and expressed as a phagocytic index, revealing than macrophages in α-syn TG mice exhibited a 50% decrease in apoptotic cell uptake ([**Figure 4A**](#pone-0071634-g004){ref-type="fig"} graph, see [Methods](#s4){ref-type="sec"}). An alternative model to assess *in vivo* phagocytosis in the peritoneum exploits CD47 deficient red blood cells (RBCs) [@pone.0071634-Gardai1] and using this model we observed a similar reduction in phagocytosis ([**Figure 4B**](#pone-0071634-g004){ref-type="fig"}). In this assay, the RBC were labeled with a red dye (PKH) and when engulfed appear yellow as the dye diffuses within the green labeled cells (FITC--phalloidin).

Due to altered phagocytosis in the periphery, we investigated whether microglia *in situ* also exhibited reduced particle engulfment. Fluorescent CD47^−/−^ RBCs were stereotactically injected into the cortex and hippocampus of non-TG and α-syn TG mice. Tissue was assessed for PKH fluorescence 1 or 48hrs after the injection ([**Figure 4C**](#pone-0071634-g004){ref-type="fig"} **,** upper panels). While equivalent levels of fluorescence were observed at 1hr following injection, 48hrs later, α-syn TG animals still exhibited significant PKH fluorescence, indicative of reduced clearance of the RBCs ([**Figure 4C**](#pone-0071634-g004){ref-type="fig"}). The loss of fluorescence in non-TG animals coincided with an increase in hemosiderin deposition, a known maker of RBC degradation ([**Figure 4C**](#pone-0071634-g004){ref-type="fig"}, lower panel).

A hallmark of defective apoptotic cells clearance *in vivo* is the production and deposition of anti-nuclear antibodies in the kidney, resulting in complement activation and glomerular nephritis, largely in female mice for reasons that are still unclear [@pone.0071634-Rszer1], [@pone.0071634-Munoz1]. Based on the defective apoptotic cell removal observed in α-syn TG mice we examined the serum of female α-syn TG mice for anti-nuclear antibodies and found elevated levels (Data not shown). Further, we examined kidneys of the BAC transgenic female mice and found that glomerular staining for complement C3 and IgM was increased compared to the non-TG controls ([**Figure** **4D**](#pone-0071634-g004){ref-type="fig"} **)**. Antibody and complement accumulation in the glomeruli of the α-syn TG animals was accompanied by mild mononuclear cell infiltration, suggesting that the phagocytic deficit caused by α-syn overexpression *in vivo*, has a pro-inflammatory impact. Quantitative analysis by a certified pathologist revealed increased deposition of antibodies and complement in the kidneys **(** [**Figure 4E**](#pone-0071634-g004){ref-type="fig"} **)** similar to what has been described for other disorders with defective apoptotic cell clearance [@pone.0071634-Mukundan1].

Alpha-synuclein levels drive reduced phagocytosis in macrophage and neuroglioma cells {#s2e}
-------------------------------------------------------------------------------------

To ensure that elevated levels of α-syn during development did not interfere with or alter expression of proteins necessary for phagocytosis, assays were performed in isolated peritoneal macrophages in which expression of the human transgene was knocked down with α-syn specific siRNA. Specific targeting of human α-syn with siRNA resulted in a 60--80% decrease in human α-syn mRNA ([**Figure 5A**](#pone-0071634-g005){ref-type="fig"} graph), which coincided with a concomitant decrease in α-syn protein levels at 72 hours ([**Figure 5A**](#pone-0071634-g005){ref-type="fig"} western). Targeted siRNA knockdown of human α-syn restored phagocytosis in α-syn TG macrophages while having minimal activity on non-TG cells ([**Figure 5B**](#pone-0071634-g005){ref-type="fig"}). These data reinforce the notion that elevated α-syn levels, rather than aberrant developmental changes are responsible for the observed phagocytic defects in the BAC transgenic animals.

![Alpha-synuclein drives decreased phagocytosis in α-syn BAC transgenic mice.\
(**A**) Peritoneal macrophages from line 26 mice were cultured in Accell media+/− human α-syn siRNA, or non- targeting siRNA. Human α-syn mRNA and protein levels were assessed by RT-PCR and immunoblot analysis (n = 2; 4 pups/GT/expt +/−s.e.m \*p\<0.01 when α-syn TG samples treated with α-syn siRNA were compared with α-syn TG or NT siRNA). (**B**) Following siRNA treatment macrophages were fed 10µ beads and a phagocytic index calculated (n = 2; 4 animals/GT/expt +/− s.e.m \*p≤0.001 when the phagocytic index between α-syn TG microglia treated with α-syn siRNA and α-syn TG microglia alone or treated with NT siRNA were compared). (**C**) H4 cells were transfected with α- or β-syn expression vectors followed by addition of 4 µ beads and a phagocytic index calculated (n = 4 +/− s.e.m \*p≤0.001 when the phagocytic index of α-syn transfected H4 cells was compared with vector of β-syn transfected cells). (**D**) α-syn or vector transfected H4 cells were fed beads followed by FM1-43 labeling and FACS analysis. Data is presented at geometric mean fluorescence (n = 4 +/− s.e.m \*p≤0.001 when FM1-43 incorporation was compared between vector treated cells fed beads and cells transfected with α-syn fed beads). (**E**) H4 cells were transfected with wild type, A53T, A30P, or E46K α-syn expression vectors. After 2 days 4 µ beads were added for and the phagocytic index was measured (n = 4 +/− s.e.m \*p≤0.05 when vector transfected cells were compared with cells transfected with wild type or the various familial mutations of α-syn).](pone.0071634.g005){#pone-0071634-g005}

Genetic manipulation of microglia is technically challenging since they do not transfect easily and are inclined to activation with transfection reagents. Therefore, we established a cultured cell model to assess the mechanism by which α-syn blocks vesicle dynamics. H4 cells are a human neuroglioma cell line [@pone.0071634-Outeiro1] that are easy to transfect and can ingest latex beads (see below). Transient transfection of H4 cells with α- or β-syn resulted in elevated expression of these proteins, however only α-syn expression reduced phagocytosis ([**Figure 5C**](#pone-0071634-g005){ref-type="fig"}). Alpha-synuclein modulation of phagocytosis in H4 cells appeared to be due to alteration in vesicle trafficking, as vector transfected H4 cells displayed increased FM1-43 fluorescence following bead addition, while α-syn-transfected cells did not ([**Figure 5D**](#pone-0071634-g005){ref-type="fig"}). Importantly, the data generated in the transfected H4 system confirms the data from the α-syn genomic microglia and macrophages (compare [Figure **3B**](#pone-0071634-g003){ref-type="fig"} with [Figure **5C**](#pone-0071634-g005){ref-type="fig"}) since increased expression of α-syn in both systems prevented membrane expansion in response to bead stimulation and reduced phagocytosis by 50%.

Alpha-synuclein mutations found in familial PD have been associated with widespread α-syn pathology and cellular defects. To assess the effects of different PD-associated α-syn mutants on vesicle function, A53T, E46K and A30P α-syn constructs were transfected into H4 cells and all three mutations were found to significantly block phagocytosis as well as wild type α-syn when compared to vector transfected cells ([**Figure 5E**](#pone-0071634-g005){ref-type="fig"}) and this effect was dose-responsive to the level of α-syn expressed, with A53T and E46K having the greatest effect (data not shown).

Alpha-synuclein is actively recruited to the phagocytic cup {#s2f}
-----------------------------------------------------------

Under resting conditions, with or without overexpression, α-syn is distributed throughout the cytoplasm of microglia and H4 cells ([**Figure 6A**](#pone-0071634-g006){ref-type="fig"}). To examine α-syn dynamics during the phagocytic process, H4 cells (expressing endogenous α-syn) were fixed at various times after bead addition, stained with anti-α-syn antibodies and localization of α-syn protein within the phagocytic cup assessed. Alpha-synuclein translocated to the point of bead contact in the phagocytic cup within 15macrophages (compare minutes, and by 90macrophages (compare minutes most of the α-syn had localized to this site ([**Figure 6A**](#pone-0071634-g006){ref-type="fig"} and **enlarged image 6B**). Visualization of translocation was independent of the antibody used since similar results were obtained with three unique α-syn antibodies ([**Figure 6A**](#pone-0071634-g006){ref-type="fig"}). Mobilization of α-syn to the phagocytic site was not restricted to the H4 system but also occurred in microglia after 15 and 90macrophages (compare minutes of bead addition ([**Figure 6C**](#pone-0071634-g006){ref-type="fig"}). This is the first example in which cellular distribution of α-syn can be altered by a specific stimulus, in a rapid timeframe. Furthermore, this distribution is reminiscent of the relatively consistent localization of α-syn in neuronal synapses.

![Alpha-synuclein translocates to the phagocytic cup.\
(**A**) H4 cells were stimulated with 4 µ beads for 0 or 90 minutes. Samples were stained with anti-α-syn antibodies: 5C12, Syn1 or a rabbit polyclonal (detected with secondary antibody, shown in red; see [Methods](#s4){ref-type="sec"} for details of antibodies). Cells were counterstained with 488-phalloidin (green). Scale bars are equal to 1 micron. Arrows point to site of bead contact, and area of α-syn translocation, (beads are not visible by fluorescence; image is representative of n = 3). (**B**) Separate experiment from those in "A", and shown at higher power. H4 cells were incubated +/− 4 µ beads for 90 minutes, and then stained for α-syn (red) with the antibody 5C12 (n = 5). Scale bars are equal to 1 micron. Arrows point to site of bead. (**C**) Line 3 α-syn TG microglia were incubated with 6µ beads for 0, 15, or 90 minutes. Samples were fixed, stained with an α-syn antibody (5C12; red) and counterstained with 488-phalloidin (green). Scale bars are equal to 1 micron. Arrows point towards site of bead contact (image is representative of n = 3).](pone.0071634.g006){#pone-0071634-g006}

Inhibition of vesicle mobilization and fusion is associated with altered SNARE complex activity {#s2g}
-----------------------------------------------------------------------------------------------

Published reports indicate that defective vesicle mobilization may be related to altered SNARE complex formation. SNARE components VAMP2 and SNAP23 are known to reside on vesicles. Immunofluorescence analysis of vector-transfected cells in our system, demonstrated that SNAP23 was recruited to the site of bead contact. Remarkably, with α-syn overexpression, SNAP23 remained in the cell body **(** [**Figure 7A**](#pone-0071634-g007){ref-type="fig"} **)**. Alpha-synuclein was recruited to the phagocytic cup in both endogenous and overexpressed conditions. These findings are consistent with the idea that α-syn is associated with SNARE function, and that over-expression of α-syn can interfere with normal SNARE activity. In this case, α-syn overexpression appeared to result in the exclusion of SNARE components from the site of bead contact and prevent membrane fusion.

![α-synuclein alters SNARE recycling.\
(**A**) H4 cells transfected with mock vector or α-syn and left unfed or fed 4 μ beads for 90 minutes, cells were processed for SNAP23 immunofluorescence (green), and polymerized actin (red.) Scale bars are equal to 1 micron image is representative of n = 3. Arrow points to area of bead contact and shows SNAP23 exclusion from the phagocytic cup with α-syn over expression. (**B**) Vector or α-syn transfected H4 cells were fed beads for various times. Cells were lysed and lysates were left unboiled or boiled at 100°C for 15 min. Samples were subjected to immunoblot analysis for SNAP23 containing SNARE complexes (two independent experiments are shown (top and bottom) (n = 3). (**C**) H4 cells transfected with α-syn or empty vector were fed beads and α-syn immunoprecipitated followed by immunoblotting for SNAP23 or VAMP2 (representative of n = 3). (**D**) Line 3 TG or non-TG microglia were fed and SNAP23 or α-syn immunoprecipitated followed by immunoblotting for α-syn, SNAP23, or VAMP2 respectively (n = 3) (E). Striatum from normal donors or PD patients were homogenized, α-syn immunoprecipitated followed by immunoblotting for SNAP23 or VAMP2. Three independent donors are shown here (representative of n = 2).](pone.0071634.g007){#pone-0071634-g007}

To assess α-syn induced defects on SNARE complex assembly we employed the method described by Chen and Scheller [@pone.0071634-Chen1], who demonstrated that SNARE proteins form energetically favorable, SDS stable complexes that can be identified by SDS-PAGE gel analysis. If samples are not boiled the SNARE complexes remain intact and run as a high molecular weight complex, however with sample boiling the complex is disrupted and the components run as individual proteins. H4 cells transfected with α-syn or control vector were stimulated with beads for 15, 45, or 90 minutes and SNAP23, as a component of SNARE complexes, was tracked by immunoblot analysis ([**Figure 7B**](#pone-0071634-g007){ref-type="fig"} **shows results from two independent experiments**). At time 0, SNAP23 could be visualized within a pre-existing high molecular weight SNARE complex (molecular weight of the complex in this figure is approximately 100 kDa). In control cells, addition of beads induced a decrease in SNAP23 containing SNARE complexes over a 45 minute time period, and by 90 minutes the high molecular weight complex containing SNAP23 was reformed. However, in α-syn overexpressing cells the pre-formed SNAP23 containing SNARE complex appeared to remain stable over the entire period of time ([**Figure 7B**](#pone-0071634-g007){ref-type="fig"}).

In order to test for association of α-syn with the SNARE complex in our system, we immunoprecipitated α-syn from H4 cells and looked for co-precipitation of SNAP23 and VAMP2. We found that endogenously expressed α-syn associated with SNAP23 during the progression of phagocytosis from 0 to 90 minutes ([**Figure 7C**](#pone-0071634-g007){ref-type="fig"}). In contrast, with α-syn overexpression, SNAP23 and α-syn were already associated at baseline (prior to bead addition) and the extent of this interaction did not change with phagocytic activity. Identical results were found in the microglia system with stimulation and α-syn overexpression ([**Figure 7D**](#pone-0071634-g007){ref-type="fig"}). SNAP23 association with α-syn was affected both by α-syn levels and cell stimulation, whereas α-syn binding to VAMP2 appeared unchanged over the course of the experiments ([**Figure 7C and D**](#pone-0071634-g007){ref-type="fig"}). Altered α-syn/SNARE interactions were also observed in the striatum of PD patients but not control subjects ([**Figure 7E**](#pone-0071634-g007){ref-type="fig"}).

Cells from patients PD exhibit increased α-syn and defective phagocytosis {#s2h}
-------------------------------------------------------------------------

Parkinson\'s is a systemic disease, involving α-syn pathology and tissue dysfunction in multiple organs. Therefore, we asked if the phagocytic dysfunction characterized above could be used as a measure of systemic α-syn dysfunction in cells isolated from patients with PD. Although fibroblasts are not professional phagocytes, they are capable of engulfing small size particles. We compared fibroblasts isolated from a patient carrying the α-syn triplication (SNCA; [@pone.0071634-Singleton1], [@pone.0071634-Carr1]) with fibroblasts from either 10 patients with sporadic PD or 10 age-matched control subjects. Fibroblasts isolated from the SNCA triplication patient had significantly reduced phagocytic activity ([**Figure 8A**](#pone-0071634-g008){ref-type="fig"}). Sporadic PD fibroblasts also demonstrated defective phagocytic activity, although the reduced activity was not as significant as the SNCA triplication case ([**Figure 8A**](#pone-0071634-g008){ref-type="fig"}). The defect in phagocytosis was associated with increased α-syn levels as assessed by immunoblot ([**Figure 8B**](#pone-0071634-g008){ref-type="fig"}) and intracellular staining ([**Figure 8C**](#pone-0071634-g008){ref-type="fig"}). Representative data from randomly selected donors are depicted here.

![Fibroblasts isolated from PD patients display defective phagocytosis.\
(**A**) Fibroblast from 10 independent patients with sporadic PD, 10 age-matched normal donors, or an individual carrying the SNCA triplication were fed 1 μ beads and a phagocytosis index determined (n = 3+/− s.e.m. \*p≤0.001 when the phagocytic index between the SNCA triplicant and sporadic PD patients fibroblasts were compared with the phagocytic index for control patient fibroblasts). (**B**) Fibroblasts from sporadic PD patient, age-matched control, and patient carrying the SNCA triplication were subject to immunoblot and flow cytometry analysis (image and histogram are representative of n = 3).](pone.0071634.g008){#pone-0071634-g008}

While fibroblasts are a useful model system to assess phagocytic activity, monocytes isolated from patient blood could prove to be a more practical way to assess defective vesicle dynamics in large numbers of PD patients. Using immunoblotting and flow cytometry, we determined that monocytes isolated from a SNCA triplication patient expressed increased α-syn levels ([**Figure 9A**](#pone-0071634-g009){ref-type="fig"}). Phagocytic activity in monocytes isolated from a SNCA triplicate patient was compared to two normal control donors and the phagocytic activity was significantly reduced ([**Figure 9B**](#pone-0071634-g009){ref-type="fig"}).

![Monocytes isolated from PD patients display elevated α-syn levels and defective phagocytosis.\
(**A**) PBMCs isolated from a normal donor and an individual carrying the SNCA triplication were subject to immunoblot and flow cytometry analysis for α-syn levels (gel and histogram is representative of n = 1). (**B**) PBMCs from 2 normal donors and an individual carrying the SNCA triplication were fed fluorescently labeled RBCs. Percent monocytes positive for phagocytosis was determined by flow cytometry. Representative fluorescent images of 488 phalloidin stained PMBCs (green) with ingested RBCs (red) are shown. (**C**) PBMCs were stained for α-syn, and monocyte and lymphocyte populations were identified in the parent PBMC sample, using specific cell surface markers, we did not sort the cell populations. Intracellular α-syn levels are shown as the geo-mean of α-syn minus isotype control (n = 14 for normal donors and 34 sporadic PD +/− s.e.m \*p≤001 when the α-syn geo mean for control donors was compared with the geo mean for sporadic PD PMBCs). PBMCs from 7 normal donors and 7 sporadic PD patients were subject to immunoblot analysis for α-syn. Specific PBMC samples 1--7 were selected for immunoblot analysis and marked in red for control donors and blue for sporadic PD donors. (**D**) Isolated PBMC\'s were fed fluorescently labeled RBCs. were subjected to flow cytometry analysis and percent monocytes positive for phagocytosis determine. Individual samples chosen for immunoblot analysis are marked out in red for control donors and blue for sporadic PD donors, (n = 14 for normal donors and 34 sporadic PD). The difference between the percent responses from control and PD was statistically significant with \*p\<0.001. (**E**). A correlation between α-syn levels, calculated as geo-mean and percent monocytes positive for phagocytosis was calculated.](pone.0071634.g009){#pone-0071634-g009}

To extend our findings to sporadic PD patients, peripheral blood mononuclear cells (PBMCs) isolated from thirty-four independent sporadic PD patients and fourteen age-matched controls, detailed patient data included in [Table 1](#pone-0071634-t001){ref-type="table"}, were assessed for intracellular α-syn levels and phagocytic activity. Separate analysis of monocytic and lymphocytic populations within the PBMC samples was performed based on standard FACS forward and side-scatter parameters. Alpha-synuclein levels were elevated in monocytes and lymphocytes of sporadic PD patients when compared to controls ([**Figure 9C**](#pone-0071634-g009){ref-type="fig"}). Increased α-syn staining was confirmed by immunoblot analysis for a subset of the PBMC samples, as indicated by numbering ([**Figure 9C**](#pone-0071634-g009){ref-type="fig"}). No hemoglobin signal by immunoblot was detected, minimizing the possibility that RBC contamination influenced the data. These data indicate that α-syn is generally elevated in sporadic PD in peripheral white blood cells, and although the range of expression overlaps with control subjects, the high expressing patients are a clearly an identifiable population that may be of value for stratification in specific therapeutic intervention strategies. In addition to α-syn levels, we analyzed phagocytosis of fluorescently labeled CD47^−/−^ RBCs by sporadic PD patient monocytes, and a significant defect in phagocytosis was observed ([**Figure 9D**](#pone-0071634-g009){ref-type="fig"}). Although broad in range, defective phagocytosis significantly correlated with elevated intracellular α-syn levels ([**Figure 9E**](#pone-0071634-g009){ref-type="fig"}).

10.1371/journal.pone.0071634.t001

###### Metadata of donors from control and PD blood used for phagocytosis and α-syn quantification.

![](pone.0071634.t001){#pone-0071634-t001-1}

  PBMC Samples     *Sample Size*      *Age*         *Gender*      *Age of Onset*   *Age of Diagnosis*   *Duration*   *PBMC Count*
  --------------- --------------- -------------- --------------- ---------------- -------------------- ------------ --------------
  ***Control***         14         66.62+/−7.14    M (5) F (9)         N/A                N/A              N/A       0.86+/−0.46
  ***PD***              34         67.06+/−9.08   M (18) F (16)    60.73+/−9.39       61.23+/−8.74      10+/−13.62   0.76+/−0.027

Demographic and disease progression information on control donor and PD patients who donated blood for our analysis of phagocytosis and intracellular α-syn levels.

Discussion {#s3}
==========

Our data demonstrate that α-syn is expressed in innate immune cells and that the level of α-syn expression can regulate immune cell function. In a variety of experimental systems and human cells, we observe that increased α-syn dampens the ability of macrophages to clear cellular debris and release cytokines or chemokines. First, we demonstrate this effect in microglia and macrophages isolated from novel α-syn BAC transgenic mice that exhibit modest α-syn over expression via endogenous human α-syn gene promoter elements. The genomic mice results are corroborated by *in vitro* transfection experiments with H4 neuroglioma cells using stimulated phagocytic activity. We extended our findings to human cells through analysis of isolated monocytes and fibroblasts from a Parkinson\'s patient carrying a SNCA gene triplication, as well as from idiopathic PD patients. Similar to the SNCA triplication patients, idiopathic PD patients also exhibit elevated levels of α-syn, likely as part of the disease process. Finally, we confirmed our results with both macrophages and microglial cells in their respective *in vivo* settings, examining phagocytosis of beads, apoptotic cells, or CD47^−/−^ RBCs in living mice. We believe that all together, these consistent results have important implications for the role of α-syn in diseases such as PD, MSA, and Lewy body dementia, as well as in the synucleinopathies associated with peripheral organs such as the intestine and heart.

Our data suggest that increased levels of α-syn associated with aging and/or disease may lead to slower clearance of dead and dying cells, and may even impair clearance of α-syn itself, leading to a self-perpetuating cycle of increased α-syn that could accelerate disease progression. Furthermore, our findings may provide a new method for tracking the disease process in humans through the study of blood monocytes or skin fibroblast -- cells that are easily accessible, and can be studied longitudinally from the same subjects. Finally, the phagocytic process provides a robust cell biological system for the study α-syn regulation of membrane vesicle events, and our results with SNARE complexes in this system are consistent with those of others studying neuronal systems.

Elevated α-syn is not limited to familial PD, but is also observed in sporadic PD [@pone.0071634-Tan1]. However, publications reporting the expression of α-syn in microglial cells and macrophages are conflicting. Increased α-syn expression with age has been reported in macrophages; however, others have reported no expression at all [@pone.0071634-Austin1], [@pone.0071634-Brighina1]. In the current report, we used culture systems that had minimal numbers of contaminating cells coupled with flow cytometry to specifically quantitate α-syn expression in cells isolated from mice as well as human subjects. Microglia isolated from α-syn TG mice expressed 2--3 fold higher levels of α-syn than those isolated from non-transgenic controls, as assessed by FACS analysis, and this result was confirmed by rt-PCR and immunoblot assessment. In human cells, we found increased levels of α-syn in triplication patients, suggesting our method of measurement was accurately quantitating α-syn levels in cells by flow cytometry, even when the differences in levels were not extraordinary.

Microglia are found throughout the brain with the highest density in the basal ganglia including the substantia nigra, olfactory telencephalon, and hippocampus, and all are areas that are affected in PD. This concentrated distribution may reflect a more direct role for microglia and inflammation in the development of PD than has been previously appreciated [@pone.0071634-Tansey1], and will likely be a fruitful area for future research. Innate immune cells are known to express familial PD genes including LRRK2, Parkin, DJ1, and GBA [@pone.0071634-Solano1]--[@pone.0071634-Miklossy1], and changes in expression of these proteins have been shown to have functional consequences in microglia. Loss of Parkin, for example, was shown to change inflammatory responses of microglia, both under basal and stimulated conditions, and was associated with dopamine neuron loss [@pone.0071634-Solano1]. Additionally, inflammatory stimuli increase LRRK2 expression and induce LRRK2 phosphorylation in microglia. Interestingly, we have found that fibroblasts isolated from patients carrying mutations in proteins of familial PD genes other than α-syn also demonstrated altered phagocytosis (data not shown). It will be important to understand the functional consequence of familial PD-associated genes on microglia function and our data may offer an opportunity to identify common pathways for PD related to innate immune function, both in the CNS and the periphery.

Anomalies in phagocytosis and cytokine release have been documented with various autoimmune-related diseases (Crohn\'s Disease, COPD, Lupus, Sepsis), however the consequence of similar defects on neurodegenerative processes is yet not established. While inflammatory cytokines have been shown to be elevated in the brains of PD patients, cytokine levels are usually measured at the mRNA level or as total protein levels in brain extracts and therefore do not delineate between secreted and intracellular cytokines. Additionally, reports assessing peripheral inflammatory responses in PD patients have been varied, with reports showing increased cytokines in PD serum, but decreased release of cytokines from PBMCs isolated from PD patients [@pone.0071634-Hasegawa1]. In our *in vitro* system we demonstrate that elevated α-syn impairs the secretion of cytokines without altering inflammatory responses at the mRNA or total protein level, a defect that cannot be observed using pure analytical methodology since it cannot differentiate between intracellular and released cytokines. Misregulated cytokine release may cause chronically stressed and activated microglia, and contribute to perpetuating the inflammation and neurodegeneration seen in PD. Microglia release of critical neurotropic factors, such as NGF and BDNF [@pone.0071634-Scalzo1], [@pone.0071634-Nagatsu1] and the general impact on vesicle secretion machinery by elevated levels of α-syn may be as important a contributor to disease as the alterations in inflammation.

Previous studies have identified defective mobilization of dopamine from the reserve vesicle pool in neurons of α-syn TG mice, and the culmination of numerous literature reports implicate α-syn as a negative regulator of vesicle trafficking/and or vesicle fusion [@pone.0071634-Nemani1]--[@pone.0071634-Auluck1], [@pone.0071634-Burr1], [@pone.0071634-Lotharius1], [@pone.0071634-Lotharius2]. Although neuronal and inflammatory processes may appear distinct, the release of cytokine containing vesicles following an inflammatory insult is a process akin to the release of neurotransmitter containing synaptic vesicles following stimulation, utilizing similar SNARE machinery. Elevated α-syn levels have been shown to retard the release of neurotransmitters, an outcome that could lead to progressive neurodegeneration [@pone.0071634-Lotharius2], and our observations for immunologic functions provide another avenue by which a common mechanism for decreased vesicular function may lead to neurodegeneration. We demonstrated that increased α-syn disrupts the release of inflammatory mediators from microglia and macrophages, as well as the recruitment of vesicular components necessary to support a phagocytic response. Normal phagocytic function was restored after α-syn siRNA treatment, demonstrating a direct role for α-syn in these processes. Furthermore, using cell culture systems we were able to induce a similar phagocytic deficit by increased α-syn expression in H4 cells.

Evoked cytokine release and phagocytosis are excellent model systems to study membrane and vesicle dynamics, as well as biological readouts of normal SNARE function. The reported relationship between α-syn and SNARE function has been mixed. Chandra et al. [@pone.0071634-Chandra1] demonstrated that α-syn overexpression rescued the lethality and neurodegeneration observed in CSP-1 knockout animals. The authors hypothesized that α-syn was protective because it could act as a SNARE chaperone in the absence of the normal chaperone, CSP-1. This hypothesis has recently been confirmed, and it was demonstrated that α-syn binds to members of the SNARE complex to facilitate SNARE assembly [@pone.0071634-Burr1]. Alternatively, others have recently demonstrated thatα-syn binds to and sequesters arachadonic acid, the basis for the lipid platform that promotes SNARE complex formation and normal SNARE activity [@pone.0071634-Darios1], [@pone.0071634-Rickman1]. In a different model system, wild type and A53T mutated α-syn were shown to block Golgi-ER trafficking, and the data suggested this was due to the interaction of α-syn with members of the ER/Golgi SNARE complex preventing the ability to form stable quaternary SNARE complexes [@pone.0071634-Thayanidhi2]. The data in the work described here contains various aspects of these seemingly disparate observations.

In our experimental systems, we find that α-syn binds to members of the SNARE complex and specific SNARE interactions are dependent on cellular activity and α-syn levels. Increased interactions of α-syn and SNARE component translated to PD striatum, in addition, α-syn was found to interact with a unique higher molecular form of VAMP2 in PD tissue. This higher molecular weight VAMP2 could represent a novel post-translational modification and follow up experiments are required to identify the nature of this apparently modified VAMP2. Additionally, we observed alterations in preformed SNARE complexes, and recycling of SNARE complexes, in all systems with increased α-syn levels. Disassembly of these complexes is critical for continuous cycles of vesicle docking and fusion [@pone.0071634-Burgalossi1] and interference with proper disassembly may be a mechanism by which elevated levels of α-syn result in defective vesicle fusion. The SNARE interactions that we observed could be a means by which α-syn functions as a SNARE chaperone, alters SNARE complex formation, or sequesters SNARE complex components away from the site of activity. Importantly, our findings are consistent with those of others, indicating that α-syn expression is part of an intricate balance required for proper function of SNARE complexes and membrane vesicle activity. A key finding in our studies was the evoked recruitment of α-syn from the cytoplasm to the plasma membrane during a phagocytic stimulus. Increased recruitment of α-syn to the plasma membrane was correlated with decreased recruitment of SNARE complex components.

We observed elevated α-syn levels and defective phagocytosis in fibroblasts and monocytes isolated from SNCA triplication or sporadic PD patients, consistent with our cellular and *in vivo* mouse studies. Using intracellular flow cytometry to monitor α-syn levels, we determined that monocytes from PD patients have increased α-syn levels, which correlated with defective phagocytosis. Changes in phagocytosis did not correlate with patient age or duration of disease indicating that it is truly representative of intracellular α-syn levels. While the range in α-syn expression was broad, with overlap between PD patients and age-matched controls, these data indicate that a subpopulation of patients on the non-overlapping ends of the range can be identified for further study. Our observations were with a relatively small patient subset and will need to be extended and validated in a larger cohort as well as assessed in other synucleinopathies such as MSA and DLB. Such studies are important because CNS diseases are difficult to diagnose and usually neurodegeneration precedes observable symptomatic changes. Therefore, it is critical to identify peripheral markers that can be used as predictive biomarkers of CNS disease long before symptoms of degeneration arise. Overexpression of α-syn is a known risk factor for PD and understanding the development and timing of overexpression compared to onset of disease may provide insight into the disease process and provide ways to stratify patients for study of therapeutic intervention.

In summary, this paper provides 1) a new animal model to measure α-syn dysfunction both in the CNS and the PNS; 2) a cellular system to measure synchronized mobilization of α-syn and its functional interactions; 3) data regarding a potential role for innate immune cell function in the development and progression of PD; 4) an accessible peripheral biomarker to study and track these processes in human subjects.

Methods {#s4}
=======

Ethics Statement {#s4a}
----------------

All animal work was conducted according to relevant national and international guidelines. The human studies were performed following the study and protocol, which that The Parkinson\'s Institutional Review Board approved, and all subjects gave written informed consent for this study.

Antibodies {#s4b}
----------

Anti-alpha-synuclein antibodies used included Syn1 (Becton Dickinson Bioscience, Franklin Lakes, NJ), rabbit polyclonal from ThermoFisher Waltham MA (CA PA1-84490), and 5C12 and 9G5 (internally generated antibodies as described, [@pone.0071634-Anderson1]. Additional antibodies: SNAP23, VAMP2, (Synaptic Systems, Goettingen, Germany), Beta-synuclein (Epitomics, Burlingame, CA), FITC conjugated IBA, murine FITC IgG isotype control (BD Bioscience). 488-donkey anti-rabbit, 594-donkey anti-mouse and 594-donkey anti-rabbit, 488 and 594 phalloidin, DAPI, FM1-43FX, and fluorescent (excitation of 365 or 580) 4 or 10 μ beads and non-fluorescent 6 μ beads came from Life Science Technology (Carlsbad, CA). Rainbow™ Molecular Weight Markers and ECL plus came from GE Healthcare (Piscataway, NJ). LPS (LIST Biological Labs, Campbell, California). 4--20% gradient gels were purchased from Bio-Rad (Hercules, California). Saponin came from Sigma (St. Louis, MO).

Animals {#s4c}
-------

Bacterial Artificial Chromosome (BAC) clone RP11-458H10, containing the human SNCA gene sequence (Life Technologies, Carlsbad, CA) was modified to generate both the Rep1 mutation [@pone.0071634-Farrer1] and for lines 3 and 26 the E46K mutation [@pone.0071634-Zarranz1] by BAC recombineering methods as described in Liu et al [@pone.0071634-Liu1]. The mutations were confirmed by sequencing. Circular BAC constructs containing the hSNCA transgene (∼168 Kb) were used to perform pronuclear microinjection into B6SJL F2 mouse strains (The Jackson Laboratories, Bar Harbor, ME) in the concentration of 1--3 μg/μl followed by implantation into pseudo pregnant females (Xenogen Biosciences, Cranbury, NJ). Founders were identified by PCR genotyping using PCR primers on the 5′ end of the BAC: forward 5′-GATTTCCTTCTTTGTCTCCTATAGCACTGG-3′; reverse 5′-GAAGCAGGTATTACTGGCA GATGAGGC-3′; the middle of the BAC: forward 5′-GCCCTGTTTAGCAATCAACCTTCC-3′; reverse 5′-TACCTTGGAGTGAACCCTAAT CTGACTG-3′; the 3′ end of the BAC: forward 5′-GTGGTACACCGAGCAGTGGAAATGAG-3′; reverse 5′TGTCTGTTATCACCTTAAGTC TACTTTTGTCAGC-3′. Transgene copy number was determined by TaqMan qPCR method and determined as 4--5 copies. The TaqMan probe and primers for the hSNCA transgene for copy number determination were designed from 1.1 Kb exon 6 sequence (150--300 region). Probe (33 bp): FAM-CAC AAA GAC CCT GCT ACCATGTATTCACTTCAG-TAMARA. Primers: forward: 5′-AGTATCTGTACCTGCCCC CACTC-3′; reverse: 5′TGAAGCCACAAAATCCACAGC-3′. Founder animals were bred with B6D2F1 mice and maintained as heterozygotes on this background with non-TG littermates as controls. All mice were housed in a pathogen-free, climate controlled and given food and water ad libitum. All animal studies were reviewed and approved by the Institutional Animal Care and Use Committee at Élan pharmaceuticals in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals.

Microglia cultures {#s4d}
------------------

Microglia were obtained from cerebral cortices of neonate mice (1--3 days old). Cortices were mechanically dissociated in Hanks\' Balanced Salt Solution with 100 µg/ml DNAse I (Sigma). Dissociated cells were filtered through a 100-micron cell strainer, (Falcon, Heidelberg, Germany) and centrifugated at 200 g for 5 minutes. Pellets were resuspended in growth medium consisting of high glucose DMEM (Life Technologies), 10% FBS (Atlanta Biologicals, Lawrenceville, GA), and 25 ng/ml recombinant mouse granulocyte-monocyte colony stimulating factor, (rmGM-CSF, R&D Systems, Minneapolis, MN,) and each pup was cultured individually when performing heterozygote X heterozygote crosses which we followed by genotyping. Cells were plated at a density of two brains per T-75 plastic culture flask. After 7 days, the flasks were shaken at 200 rpm using a Lab-Line orbital shaker for 2 hr at 37°C. Cells suspensions were centrifuged at 200 g and re-suspended in growth medium.

Immunoblotting {#s4e}
--------------

Briefly, microglia (5.0×10^5^ cells/well) were plated in a 24-well tissue culture plate and incubated overnight, cells were lysed in lysis buffer (CO-IP buffer and 1× Protease Inhibitor (Pierce, Rockford, IL)), resolved on 4--20% SDS-PAGE, and blotted to nitrocellulose membranes. For α-syn blots, the nitrocellulose membranes were boiled for 5 minutes in PBS. Membranes were probed with specific antibodies at 4°C overnight in 5% milk (Safeway Brand, Pleasanton, CA) and incubated with either horseradish peroxidase-conjugated anti-rabbit or anti-mouse secondary antibodies (Jackson ImmunoResearch, West Grove, PA) for 1 h at room temperature. The proteins were visualized by ECL plus according to the manufacturer\'s instructions. To confirm equal loading of proteins in each lane, the membranes were incubated in stripping buffer (62.5 mm Tris-HCl, pH 7.8, 100 mm β-mercaptoethanol, 2% SDS) for 30 min at 50°C and re-probed for actin (Sigma). To assess SNARE complexes samples were either boiled in Laemmle buffer for 15 minutes at 100°C or left un-boiled to assess SNARE complex formation.

Intracellular α-syn staining {#s4f}
----------------------------

Microglia were fixed in 4% paraformaldehyde, then suspended in HBSS containing 2% FBS (Atlanta Biologicals,) at a concentration of 1×10^6^ cells per 100 μl. FcγRs were blocked using 100 ug/ml human IgG Fc-fragment (Calbiochem, Darmstadt, Germany). Cells were permeabilized with 0.5% Saponin (Sigma) for 30 minutes on ice and then incubated with 1 µg of primary antibody on ice for 60 minutes, cells were washed twice, and in the case of α-syn and the unlabeled murine isotype control, incubated with secondary antibody (1∶100 dilution) on ice for 30 minutes. Flow cytometry was performed using a FACScan cytometer (Becton Dickinson). Data were collected using Cellquest software (Becton Dickinson) and analyzed with FlowJo software (Tree Star, Ashland, OR).

*In vitro* cytokine analysis {#s4g}
----------------------------

Microglia were cultured at 1×10^6^ cell/ml overnight followed by 18 hrs of LPS (100 ng/ml) stimulation. Supernatants were centrifuged to remove cellular debris and stored at −70°C until analyzed by ELISA. For intracellular cytokine analysis cells were treated with 1 μl Golgi-plug containing Brefeldin A (BD Biosciences) and LPS (100 ng/ml) for 6 hrs at which point supernatants were collected and the remaining cells lysed for intracellular cytokine analysis. Cytokines (TNF-α and IL6 were measured by ELISA (R&D Systems or Luminex multiplex analysis (Life Technologies)) as per the manufacture\'s protocol. For RNA level detection, microglia were stimulated for 6 hours with100 ng/ml LPS, cells were then snap frozen and mRNA levels assessed using QuantiGene 2.0 Plex Set Mouse, 12 plex (Panomics, Santa Clara, CA) as per the manufacturer\'s specification.

*In vivo* cytokine secretion {#s4h}
----------------------------

The regimen of LPS injections for our studies was chosen based on published protocols which have been shown to trigger a chronic low level neuroinflammatory response [@pone.0071634-FrankCannon1]. Aged adult (6 month old) human α-syn overexpressing line 26 and wild-type littermate mice were given 7.5×14 EU/kg from Escherichia coli O111: B4 (Sigma-Aldrich, Saint Louis, MO, USA) injections intraperitoneally (i.p.) twice a week for 6 months (n = 5 mice per sex, per genotype, per group), or remained un-dosed for 6 months (n = 5 mice per sex, per genotype, per group). After 6 months mice were sacrificed and serum assessed for cytokine levels by multiplex Elisa analysis as per the manufacture\'s instructions (Life sciences).

Phagocytosis {#s4i}
------------

Isolated line 26 non-TG and α-syn TG mouse microglia or macrophages from the mouse peritoneum (12 month old animals*)* were plated in 24-well plates at 1×10^5^ cells/well for 1 day. For phagocytosis assays using FluorSpheres particles, 5×1

FM 1-43X labeling of membrane expansion {#s4j}
---------------------------------------

Experiments were carried out per Hackman et al. [@pone.0071634-Hackam1], with slight modifications. Microglia were plated on to a temperature sensitive UpCell plates (NUNC, ThermoFisher) overnight and followed by 10 µ fluorescent 365 bead addition the next day for 90 minutes. Cells were washed and treated with FM1-43× (1 mM) on ice for 1 minutes, cell were detached, washed 1× with cold PBS and bound FM1-43× fluorescence was quantified by flow cytometry using a FACScan cytometer (Becton Dickinson). Data were collected using Cellquest software (Becton Dickinson) and analyzed with FlowJo software (Tree Star). For H4 experiments, H4 cells obtained from ATCC (H4 (**ATCC® HTB-148™**) were plated onto 6 well UpCell plates (NUNC, Thermo Fisher), in 5 ml at 0.5 ml at 0.25×10^5^ cells. The next day cells were transfected with AMK vector or α-syn construct. 48 hrs later cells were fed 4 micron fluorescent 365 beads for 90 minutes and FM1-43× labeling performed as above.

Isolation and labeling of CD47 knockout RBCs {#s4k}
--------------------------------------------

Whole blood was collected from CD47 knockout mice via cardiac puncture. Red blood cells (RBCs) were isolated through a high-density solution (Lympholyte-M, Cedarlane) and labeled with green or red fluorescent lipophylic dye (PKH26GL, Sigma) that emits at a wavelength of 488 or 567 nm. The manufacture\'s protocol was followed.

*In vivo* cell clearance {#s4l}
------------------------

Experiment was performed as described [@pone.0071634-Stuart1]. Briefly the peritoneum\'s were lavaged 60 min after instillation of 10×1

Intracranial injections of CD47 KO RBCs labeled with PKH26 {#s4m}
----------------------------------------------------------

Experimental mice were anesthetized by intraperitoneal (IP) injection (SOP InVivo-012) of a Ketamine/Medotomidine cocktail (75 mg/kg +1 mg/kg respectively). During anesthesia, mice were placed within a Kopf stereotaxic frame equipped with a heating pad to avoid anesthesia-induced hypothermia. A 1-cm long mid-line scalp incision was made and 1 mm holes were drilled unilateral or bilateral into the skull using stereotaxic coordinates for the CA1 field of the hippocampus according to the Mouse Brain Atlas of Franklin and Paxinos, 1997. The animals in this study underwent one survival surgery comprising of a unilateral stereotaxic injection of 2 µl (∼5000 cells) of PKH labeled CD47-deficient RBC cells, diluted 1∶1000 in 1xPBS. Coordinates (x, y, z)  =  (−1.8, −2.3, −1.75) were relative to bregma. A depth of −1.85 was initially achieved to form a pocket for the injected red blood cells. Material was injected via a Hamilton syringe at a rate of 0.4 µl per min (2 µl total per site), with the needle untouched for 12 min prior to removal. Once the surgery was completed, the anesthetic effect of medetomidine was reversed by IP injection of atipamezole hydrochloride (1.0 mg/kg). Following surgery, the animals were returned to their home cage and observed until they recover from the anesthesia. The mice were checked at least once per day for local infection, bleeding, or open wounds, and for signs of distress or pain until euthanasia to perform tissue analysis. For tissue collection, mice were euthanized by C0~2~ narcosis, perfused intracardially with phosphate buffered saline, pH 7.4. The brain was subsequently extracted and post-fixed in 4% Paraformaldehyde in 0.1 M Phosphate Buffer, pH 7.4 for 48 hours. The tissue is transferred to PBS and stored in 4°C until sectioned.

### Tissue Processing {#s4m1}

Vibratome sections, 25 µm thick, from fixed brain samples were cut to reach injection site. Sections were counterstained with Hoechst for 5 minutes, rinsed three times with buffer, and cover-slipped.

### Image Acquisition and Quantification {#s4m2}

Digital images were captured using an Olympus BX61 microscope with Retiga EXi digital camera. Injection site (hippocampus) from tissue sections was imaged and visualized by combination of two channels (Nuclei/350 and RBCs/594). Integrated intensity (area x amount of fluorescence) signals were analyzed with MetaMorph imaging system (Molecular Devices).

Assessment of kidney pathology {#s4n}
------------------------------

Kidney pairs were taken from 18 month old female line 26 non-TG littermate animals and 18 month old female heterozygote line 26 α-syn transgenic animals (n = 5 per genotype). Kidney pairs were immediately transferred to 50 ml of cold cryoprotectant (150 g sucrose, 200 ml 0.1 M PB, 150 ml Ethylene glycol, followed by 0.1 M PB to a final volume of 500 ml) and fresh tissue sat in above solution at 4°C until it sunk. Kidneys were then transferred to a mold containing OCT followed by freezing in liquid nitrogen (LN2). Frozen kidneys were sent to HistoTox Labs Inc (Boulder, CO) where staining for H&E, IgG, IgM, and complement C3 staining were performed as per the vendor specifications. Following antibody staining, extent and localization of staining for each kidney a certified pathologist scored pair blindly.

siRNA knockdown experiments {#s4o}
---------------------------

Cultured peritoneal macrophages from 12 month old line 26 α-syn non-TG or TG mice were treated for 3 days with 1 µM pools of either human α-syn Accell siRNAs or non-target controls in Accell siRNA delivery media (Dharmacon Thermo Fisher). After 3 days, parallel cultures were used to measure human α-syn mRNA levels, protein levels, and phagocytic ability. Human α-syn mRNA levels were measured by TaqMan quantitative RT-PCR using the Applied Biosystems Gene Assay kit and the protocol provided by the supplier (Life Technologies). Human α-syn transcript levels were normalized relative to levels of the mouse housekeeping gene Beta-glucoronidase provide by the supplier. Human α-syn transcript levels were normalized relative to transcript levels of the mouse housekeeping gene Beta-glucoronidase.

H4 transfection experiments {#s4p}
---------------------------

H4 neuroglioma cells obtained from ATCC, (**H4 (ATCC® HTB-148™**), were plated in 0.5 ml at 0.25×10^5^ cells per ml overnight followed by transfection with 100 ng DNA using 1 μl Lipofectamine 2000 (Life Science) per well and transfection was performed according to manufacturer\'s protocol. Plasmids used included AGMK vector control, AMK vector control for fluorescent studies, AGMKα-syn wildtype, AGMKα-syn E46K mutation, AGMKα-syn A30P mutation, or AGMK α-syn A53T mutation. The next day medium was aspirated and replaced with fresh DMEM/10% FBS. Experiments were performed 48 hours after transfection and transfection efficiency was found to be 80% as determined by GFP positive cells, increase in 5C12 staining, and protein expression by immunoblot.

Microscopy analysis {#s4q}
-------------------

For α-syn translocation analysis H4 cells or line 3 α-syn TG microglia were plated at 25,000 cells in a 24 well plate overnight at which point cells were fed 4μ or 6 micron non-fluorescent beads for 0, 45, or 90 minutes. Cells were fixed with 4% PFA for 20 minutes, and then permeabilized with 0.5% saponin (Sigma) and blocked with 1% BSA for 30 minutes on ice. For microglia experiments, Fc-receptors were blocked with 100 ug/ml human Fc-fragment for 30 minutes prior to addition of 1 µg of primary antibody 5C12 which was added overnight at 4°C, cells were then washed twice and incubated with 488 conjugated secondary antibody (1∶100 dilution) for 30 minutes. Cell were washed twice in PBS and then stained for actin with 1∶100 of 488 phalloidin and the nuclear stain DAPI at 1∶1000 for 30 minutes. Cells were visualized on an Olympus1×81 scope with a 20×/0.45 Ph1 objective or a 63×/0.70 ph2 objective. Images were taken using MetaMorph software. SNAP23 visualization was performed similarly except H4 cells were transiently transfected with 100 ng of vector, α-syn, or the delta119 form of α-syn for 24 hours at which point cells were unchallenged or fed beads for 90 beads. Cells were washed and fixed in 4% PFA for 20 minutes followed by permeabilization and blocking as above. Anti-SNAP23 was added at 1∶100 overnight at 4°C. Cells were washed and stained with anti-rabbit 488 at 1∶100 for an hour followed by 2 washes in PBS and then cells were incubated with 594 phalloidin at 1∶100 and DAPI at 1∶1000. Images were collected as above. Scale bars are equal to 1 micron for all images.

Immunoprecipitations {#s4r}
--------------------

Line 26 α-syn non-TG or TG microglia were plated overnight at 1×1

Co-IP experiment in H4 cells were performed essentially identically except H4 cells were plated at 0.5×1

Skin biopsies {#s4s}
-------------

One four mm skin punch biopsy was taken per patient using a standard punch biopsy technique. All biopsies were taken from the upper inner arm, an area that is mostly unexposed to direct sunlight. The study and protocol had Institutional Review Board approval from The Parkinson\'s Institute and all subjects gave written informed consent for this study.

Fibroblast cell culture {#s4t}
-----------------------

Primary fibroblasts from biopsies were derived from standard skin explant cultures and were banked at low passage numbers. Fibroblasts were cultured in Dulbecco\'s minimum essential medium, high-glucose (DMEM) with 10% fetal bovine serum, 100 IU/ml penicillin, 100 μg/ml streptomycin, 200 mM glutamine, and 10 mM non-essential amino acids (all purchased from Invitrogen, Carlsbad, CA). Experiments were performed with 1υ 488 fluorescent beads fed for 2 hrs when the cells were at passages 6--12.

PBMC Isolation, phagocytosis and intracellular α-syn assessment {#s4u}
---------------------------------------------------------------

Inclusion criteria for this study were as follows; diagnosis of idiopathic PD for at least 2 years by movement disorder specialist at TPI, age at recruitment, 50--80 yrs, inclusion of both males and females. Biomarker consent form ECH-10--17 was signed and **c**linical/neurological assessment (including UPDRS and/or Hoehn and Yahr), MoCA (from chart or perform during visit), B-SIT, and smoking history/questionnaire obtained. Blood samples from PD patients and control individuals were collected by the Parkinson Institute in 2× citrate tubes, 4.5 ml (Cat. No. 369714) in the morning of and delivered to Élan in a blinded fashion each afternoon. Upon arrival, samples were spun at 3000 rpm for 30 min without break to remove the plasma and eliminate platelets. PBMCs were then isolated from donor using BD Vacutainer tubes. Isolated PBMCs were washed with PBS/Citrate buffer (1.49 mM Na2H2PO4, 9.15 mM Na2HPO4, 139.97 mM NaCl, 13 mM C6H5Na3O7, pH 7.2) to diminish platelet contamination. PBMCs were counted using a hemocytometer, and resuspended at 1×10^6^/ml in culture media (DMEM/10% FBS (Altanta Biologics)/Pen-strep/L-Glutamine). 1×1

Intracellular α-syn staining was performed on 1×1

Statistics {#s4v}
----------

Data are presented as mean ± SEM. Statistical analysis was performed using two-tailed Student\'s *t*-test of unpaired samples. For multiple comparisons data were evaluated by ANOVA with *post hoc* analysis by the two-tailed Dunnetts test. Statistical analyses for human PBMC samples were performed using a two-factor nested design model (Neter, Wasserman and Kutner 1985). The two factors were a fixed effect of Group to compare control and PD, and a random effect of patient id. The results of 2 runs were replicates and were averaged. Normality and homogeneity of variance were examined by the Shapiro-Wilk test [@pone.0071634-Shapiro1] and the Levene test [@pone.0071634-Levene1] at the 0.01significance level, respectively. When either assumption was significant, the statistical analysis was performed on suitably transformed data. All statistical analyses were conducted using JMP 8.0 (SAS Institute Inc. 2008). Significant differences were defined as p\<0.05.

Supporting Information {#s5}
======================

###### 

Microglia isolated from line 26/syn ^null^ or α-syn ^null^ littermates were stimulated with LPS in the presence or absence of Brefeldin A. Tissue culture supernatant was assessed for TNF-α production by ELISA (n = 2; 5 pups/GT/expt +/− s.e.m \*p≤0.001 when α-syn TG samples were compared with non-TG).

(EPS)

###### 

Click here for additional data file.
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